Abstract. Monte Carlo simulations of gas-phase polyalanine peptides have been carried out with the Amber ff96 force field. A low-temperature structural transition takes place between the α-helix stable conformation and β-sheet structures, followed by the unfolding phase change. The transition state ensembles connecting the helix and sheet conformations are investigated by sampling the energy landscape along specific geometric order parameters as putative reaction coordinates, namely the electric dipole μ, the end-to-end distance d, and the gyration radius Rg. By performing series of shooting trajectories, the committor probabilities and their distributions are obtained, revealing that only the electric dipole provides a satisfactory transition coordinate for the α ↔ β interconversion. The nucleus at the transition is found to have a high helical content. 
Introduction
The structure of proteins is closely related to their biological function. In many cases, the possibility to undergo conformational transitions can be another important property for the function to be fully acquired, e.g. for transport [1] or motor [2, 3] proteins, or in enzymes [4] . Misfolding of some proteins is due to an unwanted conformational change into a wrong, non-native structure often leading to fatal diseases. Prion proteins and the native Aβ peptide in Alzheimer's disease are two important examples of α-helix-rich proteins which change to β-sheet upon aggregation into the so-called amyloid fibrils [5] . The competition between α helices and β sheets is also observed in proteins with nonhierarchical folding, as in β-lactoglobulin where α-helix intermediates are seen as transient conformations during folding into the β-sheet native structure [6] .
While experimental methods such as high-resolution X-ray or NMR can often characterize the end states of a conformational change in solution, the entire pathway is much harder to study. Fluorescence resonance energy transfer provides detailed information about specific intermolecular distances and their time evolution, however these partial data are far from full atomistic accuracy. In the gas phase, several methods have been developed during the last decade to get insight into the structural properties of proteins as an alternative to the solvent or matrix characterizations. Studying isolated biomolecules also has a e-mail: fcalvo@lasim.univ-lyon1.fr the advantage of putting aside the intermolecular interactions, thus simplifying greatly the analysis [7] . Infrared spectroscopy [8] [9] [10] , ion mobility [11, 12] , H/D exchange reactions [13] , peptide fragmentation [13] [14] [15] or electric dipole measurements [16] have all contributed significantly to our understanding of gas-phase peptides. In particular, the existence of the α-helix and β-sheet conformations has been attested in a number of cases [17] . Yet, determining transition pathways remains an issue in vacuo, and the results of computer simulations can be invaluable.
Conformational changes in silico can be addressed in a number of ways, depending on the precise aims. Direct molecular dynamics [18] [19] [20] [21] [22] [23] and Monte Carlo (MC) simulations [24] [25] [26] [27] provide useful insight into the energetics and kinetics of the folding transition, especially in the case of polyalanines. However, in their basic form they are usually not appropriate for studying rare events involving large free energy barriers. From the structural point of view, one would like to characterize not only the two end states, but also the optimal set of reaction coordinates along which the transition is best visualized. The common approach here is intuition, by selecting a priori order parameters defined according to the molecular geometry, and by calculating the probability distribution of finding these variables and the corresponding free energy maps. Upon identification of barriers between the two states, additional trajectories can be run to calculate the rate constants via transition path sampling (TPS) [28, 29] or related schemes [30] [31] [32] . More recently, several groups [33] [34] [35] [36] have proposed improvements of the pioneering The European Physical Journal D TPS method in which the quality of the reaction coordinate is assessed by computing the committor probability p c , that is the chance that the system falls into one state earlier than in the other state. This quantity, though it may not appear immediately physical, allows a proper definition of a transition state as the set of conformations for which p c = 1/2.
In a previous work, we have theoretically shown that gas-phase polyalanines can exhibit a thermally stable β-sheet intermediate between the low-temperature α-helical native state and the high-temperature unfolded state [37] . These results are consistent with experimental measurements [38] and also with previous theoretical suggestions from other groups [39] [40] [41] . Here we focus on the α-helix ↔ β-sheet interconversion, which we attempt to characterize in terms of specific order parameters. More precisely, we have chosen the electric dipole μ, the end-toend distance d between the N-terminal atom and the H atom from the hydroxyl group in the carbonyl terminal, and finally the gyration radius R g . Near the α-β equilibrium transition temperature, the free energies along these three parameters show stable basins corresponding to both conformations. However, as will be seen below, dividing surfaces are not straightforward to identify and, more importantly, they may not reflect the true transition states. By shooting many trajectories from several regions of the energy landscape, the committor probabilities can be calculated, thus helping in assessing the relevances of these order parameters as reaction coordinates for the α ↔ β interconversion.
The article is organized as follows. In the next section, we describe all the computational methods used to sample the potential energy surface of our model system, the isolated octa-alanine. The equilibrium results and the transition state ensembles associated with each of the three order parameters are critically discussed in Section 3, and some concluding remarks are finally given in Section 4.
Methods
We have chosen a short enough polyalanine that is found stable in both the α-helical and β-hairpin configurations, namely the octa-alanine system. This peptide is modelled using the Amber ff96 force field [42] . Because the original parameters of Amber ff96 were originally fitted to reproduce the properties of hydrated biomolecules, the partial charges had to be increased to account for polarization effects. When used in the gas phase, this parameter set overstabilizes β-sheet structures with respect to helices [43] . To circumvent this problem and shield the charges, a dielectric constant ε r = 2 was used in the simulations, thus satisfactorily reproducing the electric dipole measured in deflection experiments [44] .
We have used two kinds of methods in this work. A first goal is to sample the energy landscape of our polypeptide at thermal equilibrium, in order to characterize the α ↔ β interconversion and to calculate Landau freeenergy curves corresponding to specific order parameters. In a second part, the quality of these order parameters as suitable reaction coordinates will be assessed by shooting trajectories from putative transition states and estimating the committor averages and their probability distributions.
Sampling the energy landscape
The potential energy surface of the octa-alanine was explored using parallel tempering (PT) Monte Carlo simulations as a reference. 32 replicas were propagated simultaneously in the temperature range 50 K ≤ T ≤ 1000 K with a geometric progression. Ten series of 10 6 Monte Carlo cycles per replica were propagated consecutively, the last configurations of each simulation providing the starting conditions for the next one. Here one MC move consisted of randomly selecting one torsion angle of the backbone or side chains, and randomly rotating it by an angle δθ drawn from a range [−θ max , θ max ], with θ max adjusted at each temperature to get approximately 50% acceptance rate according to the Metropolis rule. Here one MC cycle is a series of 23 consecutive MC moves. After each cycle, one exchange between two random adjacent replicas was attempted with 10% probability.
While the average potential energy E or its fluctuations ΔE 2 suffice to monitor the unfolding transition, other quantities are required to locate the presence of α-helix or β-sheet secondary structures. We thus calculated the electric dipole vector µ and its modulus μ, the end-to-end distance d between the nitrogen atom in Nter position and the hydrogen atom from the hydroxyl group in C-ter position, as well as the gyration radius R g . In addition to the standard thermal averages μ , d and R g , we recorded the two-dimensional histograms h T (E, A) as a function of potential energy and geometric parameter A = μ, d or R g at the temperature T . These histograms were then processed into the joint densities of states Ω(E, A), and subsequently into the thermal averages E , A or their fluctuations as a continuous function of temperature, via a multiple histogram analysis.
Complementary Monte Carlo simulations were performed using the Wang-Landau (WL) procedure [45] for joint densities of states, recently improved using our annealing scheme [46] . Here the two-dimensional density of states Ω(E, A) is numerically calculated with increasing accuracy by penalizing each visited state more and more as it is being visited during the exploration. This algorithm eventually converges to the true density of states, which in turns provides all thermodynamical properties in the canonical ensemble after Laplace transformation.
The two-dimensional Wang-Landau method, previously used with the electric dipole as the extra variable A, was found to perform very well for small peptides [46] when compared with parallel tempering Monte Carlo. Here we have chosen to repeat these simulations in the same conditions, but with the end-to-end distance d and the gyration radius R g as the two extra variables to the potential energy E. The simulation details for these Wang-Landau simulations are the same as in reference [46] , and will not be further detailed here. In particular, the interval
